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(57) ABSTRACT

A method of monitoring the health of an aircraft propeller
whilst the propeller 1s 1n operation, the propeller having a
plurality of blades extending radially outwardly from a
central axis extending through the propeller and a propeller
drive shait, 1s provided. The method includes obtaining
measurements representative of strain 1n the propeller drive
shaft using multiple primary strain sensors, each primary
strain sensor providing respective measurements represen-
tative of strain. The primary strain sensors are located
around a circumierence of the drive shaft of the propeller,
and each strain sensor 1s located such that 1t crosses a plane
defined by the radial direction of a blade and the central axis,
the plane being bounded by the central axis. A corresponding
propeller health monitoring system, an aircraft propeller
comprising the system and an aircrait comprising the pro-
peller are also provided.
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PROPELLER HEALTH MONITORING

FOREIGN PRIORITY

This application claims priority to European Patent Appli-
cation No. 17303528.6 filed May 10, 2017, the entire
contents of which 1s incorporated herein by reference.

TECHNICAL FIELD

This disclosure relates to the technical area of health
monitoring of propellers for providing a warning or an
indication that maintenance 1s required. In particular, the
field of the disclosure lies in the area of aircrait engine
propellers.

BACKGROUND OF THE DISCLOSURE

It 1s known 1n the art to monitor the health of propeller
blades on an aircrait to assess 1 maintenance work needs to
be carried out. This prevents unnecessary maintenance
checks being undertaken and also provides early warnings of
damage.

U.S. Pat. No. 9,240,083 B2 discloses a general method of
monitoring a rotor for faults. The loads on a rotor shait are
measured to obtain a measured signal. A residual 1s calcu-
lated between this measured signal and a virtual estimated
signal. The residual 1s subsequently compared with a cat-

egorical model, and an output representative of a rotor fault
1s obtained.

The present disclosure aims to provide improved methods
and apparatuses for propeller health monitoring.

SUMMARY OF THE DISCLOSURE

In a first aspect, the disclosure provides a method of
monitoring the health of an aircrait propeller whilst the
propeller 1s 1n operation, the propeller having a plurality of
blades extending radially outwardly from a central axis
extending through the propeller and a propeller drive shaft,
the method comprising: obtaining measurements represen-
tative of the strain in the propeller drive shait using multiple
primary strain sensors, each primary strain sensor providing,
respective measurements representative of strain; wherein
the primary strain sensors are located around a circumier-
ence ol the drive shaft of the propeller; and wherein each
strain sensor 1s located such that it crosses a plane defined by
the radial direction of a blade and the central axis, the plane
being bounded by the central axis.

It will be appreciated that the primary strain sensor can
therefore be understood as corresponding to the blade at
which 1t 1s located by crossing a plane defined by the radial
direction of the blade and the central axis, the plane being
bounded by the central axis. Conversely, the blade may be
considered as corresponding to the primary strain sensor
which 1s located such that i1t crosses a plane defined by the
radial direction of the blade and the central axis, the plane
being bounded by the central axis.

Strain sensors may also be known as strain gauges.

Obtaiming measurements representative of strain may
comprise obtaining voltage values from strain sensors that
are representative of strain, for example from a full, half or
quarter-bridge strain gauge comprising foil sensors. The
measurements representative of strain may comprise voltage
values.
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2

The step of obtaining measurements representative of
strain may comprise measuring the strain. The measure-
ments representative of strain may comprise strain measure-
ments.

The measurements representative ol strain may be
obtained over time, ¢.g. the measurements may be made
continuously or periodically over a period of time. Multiple
strain measurements over a period of time enable bending
moment values to be determined over a period of time, and
thus the steady (i.e. average) bending moment to be deter-
mined.

In embodiments, the method may further comprise
obtaining measurements representative of strain in the pro-
peller drive shalt using multiple secondary strain sensors,
cach secondary strain sensor being located around the cir-
cumierence of the dnive shaft diametrically opposite to a
respective primary strain sensor and forming a sensor pair
therewith.

In embodiments, the method may further comprise: deter-
mining a respective steady bending moment of the drive
shaft corresponding to each primary strain sensor using the
respective measurements representative of strain obtained
by each primary strain sensor or using the respective mea-
surements representative of strain obtained by each strain
SeNsor pair.

The step of determining a respective steady bending
moment of the drive shait may comprise converting each
measurement representative of strain into a bending moment
value. This may be done by calculating the bending moment
from the measurements representative of strain. A calibra-
tion may be made between measurements representative of
strain and bending moment 1n order to find a constant value
to convert strain to bending moment, without the need for a
tull bending moment calculation.

The step of determining a respective steady bending
moment of the drive shaft may include utilising a first
algorithm to calculate the time taken for one revolution of
the propeller, given by (RPM/60) -1. Then, a second algo-
rithm may be utilised to record the maximum and minimum
bending moment determined utilising the measurements
representative of strain from each primary sensor (or sensor
pair) 1n each revolution. A third algorithm may be used to
calculate the steady bending moment (SBM) corresponding
to each strain sensor 1n each revolution by taking the average
of the recorded maximum and minimum bending moments,
1.e. (max+min)/2. It will be appreciated that in order to
determine the steady bending moment n this way, the
measurements representative of strain should be obtained
over a period of time.

The magnitude of the calculated steady bending moments
may be compared to a threshold. Furthermore, the method
may comprise establishing that the health of the propeller
may be mmpaired if the magnitude of a calculated steady
bending moment of the drive shaft 1s above a threshold. It
may also include indicating an alert for maintenance 1t 1t 1s
established that the health of the propeller may be impaired.

The magnitude of the calculated steady bending moments
may be compared to one another. Furthermore, the method
may comprise establishing that the health of the propeller
may be mmpaired if the magnitude of one of the steady
bending moments of the drive shatt is outside of a tolerance
of the other steady bending moments of the drive shait. It
may also include indicating an alert for maintenance 11 1t 1s
established that the health of the propeller may be impaired.

In embodiments, the method may further comprise for a
propeller having an odd number of blades, 1dentifying a
damaged blade by: i1dentifying the blade corresponding to



US 10,787,275 B2

3

the primary sensor or sensor pair which provided the mea-
surements representative of strain which has led to a steady
bending moment being calculated which has a magmtude
above the threshold and/or which 1s outside of the tolerance
ol the other steady bending moments of the drive shaft. An
alert for maintenance of the identified blade may be indi-
cated.

In embodiments, the method may further comprise, for a
propeller having an even number of blades, identifying
which two diametrically opposed blades may include at least
one damaged blade, by: 1dentifying the blades correspond-
ing to the primary sensor or sensor pair which provided the
measurements representative of strain which has led to a
steady bending moment being calculated which has a mag-
nitude above the threshold and/or which 1s outside of the
tolerance of the other steady bending moments of the drive
shaft. An alert for maintenance of the 1dentified blades may
be indicated.

By a blade “corresponding to” the primary sensor or
sensor pair will be understood as meaning the blade having
the primary strain sensor located such that 1t crosses a plane
defined by the radial direction of the said blade and the
central axis, the plane being bounded by the central axis.

In embodiments, the strain sensors are full bridge strain
gauges.

The disclosure tfurther provides a system configured to
perform a method for monitoring aircraft propeller health
according to any of the embodiments described above.

The disclosure turther provides a propeller health moni-
toring system comprising: a plurality of primary strain
sensors or pairs of primary and secondary strain sensors, the
primary strain sensors or strain sensor pairs being configured
to provide measurements representative of strain in a drive
shaft of a propeller; and a processor configured to carry out
the determining, comparing and establishing steps as
described 1n any of the above embodiments. Moreover, the
disclosure provides an aircrait propeller comprising such a
propeller health monitoring system, wherein: the propeller
has a plurality of blades extending radially outwardly from
hub arms of a propeller hub, which in turn extend radially
outwardly from a central axis extending through the propel-
ler and a propeller drive shait; the primary strain sensors or
pairs ol primary and secondary strain sensors are arranged
around a circumierence of the drive shait of the propeller;
cach primary strain sensor 1s located such that 1t crosses a
plane defined by the radial direction of a blade and the
central axis, the plane being bounded by the central axis; and
in the case 1n which strain sensor pairs are provided, each
secondary strain sensor in the strain sensor pair 1s located
around the circumierence of the drive shait diametrically
opposite to 1ts corresponding primary strain sensor. The
processor may be integrated into a FADEC of the aircrait or
in the nacelle and the strain sensors are configured to
transmit the measured strain to the processor via telemetry,
Wi-Fi, or a slip ring.

Also provided 1s an aircrait comprising such an aircraift
propeller.

In various embodiments as described, 1t 1s established that
the health of the propeller may be impaired, ¢.g. that damage
may have occurred. “May be” 1s used since the methods
provide an indication, and not necessarily 100% certainty
that the health 1s impaired. However, in embodiments, it may
be said that the methods include establishing that the health
of the propeller 1s 1impaired.

It will be readily appreciated by the skilled person that the
various optional and preferred features of embodiments of
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4

the disclosure described above may be applicable to all the
various aspects and embodiments of the disclosure.

BRIEF DESCRIPTION OF THE FIGURES

Preferred embodiments of the present disclosure will now
be described by way of example only and with reference to
the accompanying drawings, in which:

FIG. 1 shows schematically a first embodiment of a first
propeller health monitoring arrangement for a propeller
having four blades;

FI1G. 2 shows a cross section of the drive shait of FIG. 1,
taken along the line A-A, the drive shaft having four sensors
mounted thereto;

FIG. 3 1s a graph illustrating the shaft bending moments
measured by two of the sensors using the arrangement of
FIGS. 1 and 2 for a propeller in which the blades corre-
sponding to the sensors are healthy (i1.e. undamaged);

FIG. 4 1s a graph 1illustrating the shait bending moments
measured by two of the sensors using the arrangement of
FIGS. 1 and 2, for a propeller in which a blade and the blade
diametrically opposite thereto are healthy (undamaged) and
at least one 1s damaged;

FIG. 5 shows schematically a second embodiment of a
first propeller health monitoring arrangement for a propeller
having three blades;

FI1G. 6 shows a cross section of the drive shait of FIG. 5,
taken along the line B-B, the drive shait having three sensors
mounted thereto;

FIG. 7 shows a flow diagram of a method for momitoring
propeller health using the arrangements of FIGS. 1, 2, 5 and
6, herein called “shaft method one™;

FIG. 8 shows a flow diagram of another method for
monitoring propeller health using the arrangements of FIGS.
1. 2, 5 and 6, herein called “shaft method two”’;

FIG. 9 shows schematically a third embodiment of first
propeller health monitoring arrangement for a propeller
having four blades;

FIG. 10 shows a cross section of the drive shait of FIG.
9, taken along the line C-C, the drive shait having four
sensors, arranged 1n pairs of diametrically opposed sensors,
mounted thereto;

FIG. 11 1s a graph 1llustrating the shaft bending moments
measured by two of the sensor pairs using the arrangement
of FIGS. 9 and 10 for a propeller having four healthy (i.e.
undamaged) blades;

FIG. 12 15 a graph 1llustrating the shaft bending moments
measured by two of the sensor pairs using the arrangement
of FIGS. 9 and 10, for a propeller having four blades, of
which one pair of diametrically opposed blades 1s healthy
(undamaged) and at least one blade 1s damaged;

FIG. 13 shows schematically a fourth embodiment of a
first propeller health monitoring arrangement for a propeller
having three blades;

FIG. 14 shows a cross section of the drive shait of FIG.
13, taken along the line D-D, the drive shait having six
sensors arranged 1n three diametrically opposed pairs
mounted thereto;

FIG. 15 shows a flow diagram of a method for momitoring
propeller health using the arrangements of FIGS. 9, 10, 13
and 14, herein called “shaft method three”;

FIG. 16 shows a flow diagram of another method for
monitoring propeller health using the arrangements of FIGS.
9. 10, 13 and 14, herein called “shaft method four™:

FIG. 17 shows schematically a first embodiment of a
second propeller health monitoring arrangement for a pro-
peller having four blades;
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FIG. 18 1s a graph illustrating the cyclic strain gauge
response measured using the arrangement of FIG. 17, when

all four blades are healthy (i.e. undamaged);
FIG. 19 shows the graph of FIG. 18, on which there 1s

superimposed an exemplary cyclic strain gauge response if 2

one of the four blades 1s damaged;

FIG. 20 shows schematically a second embodiment of a
second propeller health monitoring arrangement for a pro-
peller having three blades; and

FI1G. 21 shows a tlow diagram of a method for monitoring,
propeller health using the arrangements of FIGS. 17 and 20,
herein called “hub method”.

DETAILED DESCRIPTION

The term “a first propeller health monitoring arrange-
ment” 1s used herein to describe an arrangement in which
strain sensors are located on the drive shait of the propeller.
First, second, third and fourth embodiments of such an
arrangement are discussed below.

The term ““a second propeller health monitoring arrange-
ment” 1s used herein to describe an arrangement in which
strain sensors are located on the hub arms of the propeller.
First and second embodiments of such an arrangement are
discussed below.

The terms ““shalt method one”, “‘shaft method two”, “shaft
method three” and “shaft method four” are used herein to
describe four respective methods for monitoring propeller
health utilising strain sensors mounted on the shaft of the
propeller.

The term “hub method” 1s used herein to describe a
method for monitoring propeller health utilising strain sen-
sors mounted on hub arms of the propeller.

The term “propeller health monitoring” 1s a well known
term 1n the art describing the monitoring of propellers to
establish (1.e. detect or determine) whether damage has (or
may have) occurred to propellers, i particular aircraft
propellers, and in particular aircrait propeller blades. In
other words, to establish whether the health of the propeller
may be, or 1s, impaired.

The mventors have recognised that all identical healthy
blades on a single propeller produce the same thrust as the
propeller rotates and have the same centrifugal force. As the
propeller 1s rotated by the propeller drive shait, since a
centreline of the propeller 1s inclined at an angle relative to
the direction of flight (or the opposite direction defined by
the free stream velocity vector), the drive shalt experiences
a bending moment comprising a sum of sinusoidal bending
moments, 1.e. a constant rotating bending moment. By way
ol explanation, every circumierential point on the shait 1s
exposed to the same sinusoidal variation 1n strain, thus there
are an infinite number of sinusoids. If the bending moment
associated with each blade 1s considered (e.g. as determined
from strain measurements measured by sensors aligned with
the blades), there are N bending moment sinusoids, which
are phase shifted by 2m/N where N 1s the number of blades
on the propeller.

The sinusoidal bending moments are cyclic bending
moments which fluctuate above and below a steady bending
moment by equal amounts, 1.e. they are centred around a
steady bending moment. A steady bending moment of the
drive shaft 1s the average bending moment experienced by
the drive shait as 1t rotates about 1ts axis. For a healthy,
perfectly balanced propeller, there 1s no steady bending on
the shaftt, 1.e. the steady bending moment 1s zero, and there
1s only an axial load (thrust).
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The mventors have realised that these sinusoidal bending
moments can be measured by fixing (1.e. mounting, attach-
ing) strain sensors corresponding to the blades around the
shaft at positions on the circumierence of the shait which are
aligned with the circumierential positions at which the
blades are located. Put another way, for a propeller having
a plurality of blades extending radially outwardly from hub
arms of a propeller hub, which i turn extend radially
outwardly from a central axis extending through the propel-
ler and a propeller drive shatt, strain sensors corresponding
to each of the blades can be provided around a circumier-
ence of the drive shaft, each crossing a plane defined by the
radial direction of the corresponding blade and the central
axis, the plane being bounded by the central axis.

Thus, 1t will be appreciated that in embodiments of the
first propeller health monitoring arrangement of the disclo-
sure, where a sensor “corresponding” to a blade or “aligned
with” a blade 1s referred to, 1t 1s intended to mean a sensor
that 1s provided on the circumierence of the drive shaft
crossing a plane defined by the radial direction of said blade
and the central axis of the drive shait, the plane being
bounded by the central axis.

The sensors measure strain 1n the drive shaft, preferably
continuously over time. The bending moments can be deter-
mined from the strain measurements made by the strain
sensors, as will be discussed later. Thus, whilst the strain
sensors measure strain, the strain sensor output 1s directly
related to bending moment. Consequently, 1n this disclosure,
the strain sensors are sometimes referred to as monitoring or
measuring bending moment. Further, 1t can be understood
that a sensor has a corresponding bending moment, 1.e. a
bending moment determined from the strain measured by
that sensor. A sensor will also have a corresponding steady
bending moment calculated from measuring bending
moment over time.

The mventors have also realised that when a propeller
blade has been damaged, 1t may produce more or less thrust
than a healthy propeller blade and may also experience a
different centrifugal force compared to a healthy blade.
Consequently, the damaged blade will give rise to a sinu-
soidal bending moment centred around a non-zero steady
bending moment.

The damaged blade will also absorb more or less power
than the healthy opposing blade. This torque imbalance
results 1n a steady shear force in the propeller plane of
rotation. The steady shear force results 1n a second steady
bending moment on the propeller shatt that 1s 90° away from
(1.e. 90° out of phase with) the steady bending moment
produced by the thrust imbalance. However, the magnmitude
of the moment produced by the in-plane shear force, as
determined from strain measurements measured by the
sensors on the shaft, 1s very small compared to the moment
produced by the thrust imbalance. There are two main
reasons for the relatively small responses; one is that the
magnitude of the shear force is typically small. The second
1s that the distance between the sensors and the application
point of the shear force (1.e. the propeller plane of rotation)
1s also small. These two factors combine to produce a small
bending moment at the sensors, which 1s generally not seen
during flight tests. Therefore, this second bending moment
contribution 1s not considered 1n the present disclosure. For
a propeller having four blades (and a sensor aligned with
cach blade), only the sensor corresponding to the damaged
blade or the sensor diametrically opposite the damaged
blade will monitor a change in steady bending moment (1.¢.
by virtue of measuring strain from which bending moment
1s determined). In other words, 11 a sensor monitors a change
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in steady bending moment, then either the blade aligned
therewith or the blade diametrically opposed thereto 1s
damaged. The sensor(s) corresponding to the healthy
blade(s) will continue to monitor a zero steady bending
moment since they are on the neutral axis. The neutral axis
1s, by definition, the location on a structural member where
the stress and strain produced by a bending moment 1s zero.
For a circular shaft with a uniform cross-section, the neutral
ax1s passes through the centre of the shaft and 1s aligned with
the bending moment vector.

For a propeller having an even number of blades greater
than four, or an odd number of blades, 11 there 1s a damaged
blade(s) all of the sensors will monitor a deviation 1n steady
bending moment from zero, even those corresponding to
healthy blades. However, in the case of an odd number of
blades, the largest deviation will be monitored by the sensor
corresponding to the damaged blade. In the case of an even
number of blades greater than four, the largest deviation will
be monitored by the sensor corresponding to or diametri-
cally opposite to the damaged blade.

Additionally, the sinusoidal bending moment for a dam-
aged blade may have a different amplitude compared to that
of a healthy (1.e. undamaged) blade of the propeller.

Thus, by 1dentifying a shift in steady bending moment
away from a zero steady bending moment and the magnitude
of the shift, e.g. by comparing with a threshold, 1t 1s possible
to both establish 1f the health of the propeller 1s impaired,
and also i1dentify which blade(s) are damaged. Damage
detectable by i1dentifying such a shift in bending moment
may include airfoil damage or o1l in a blade cavity, which
would create an acrodynamic or mass 1mbalance.

FIG. 1 shows a first embodiment of a first arrangement, in
which a propeller 10 1s attached to a propeller drive shait 30.
The propeller 10 has blades 20a, 205, 20¢ and 204 (blade
204 1s not shown) which are spaced equidistantly around the
circumierence of the propeller 10, and extend radially out-
wardly from hub arms 35 of a propeller hub 50. These hub
arms 55, in turn, extend radially outwardly from a central
axis, X, which extends through the propeller and propeller
drive shatt.

Arranged around the drive shait 30 are strain sensors 40a,
405, 40c and 404 (sensor 404 1s not shown). Each sensor 1s
aligned circumierentially with one of the blades, such that
the sensors 40a, 405, 40¢c and 404 are aligned respectively
with blades 20a, 2056, 20¢ and 20d4. Fach strain sensor
crosses a plane defined by the radial direction of the corre-
sponding blade and the central axis, the plane being bounded
by the central axis. The strain sensors measure strain (€.g.
clongation or compression), and exemplary suitable strains
sensors are discussed later. However, 1t will be appreciated
by the skilled person that the type of measurements provided
by the strain sensors may depend on the type of strain sensor
used. Typically, a strain sensor may provide a voltage output
that 1s representative of the strain. Therefore, where “strain
measurements” are discussed in relation to the present
disclosure, this 1s intended to encompass such measurements
that are representative of the strain, e.g. measurements that
are a function of strain. Moreover, where “measuring the
strain” 1s discussed in relation to the present disclosure, this
1s mtended to encompass obtaining measurements that are
representative of strain.

This arrangement 1s exemplary only and other embodi-
ments may have other numbers of blades. There may be an
even number of blades or odd numbers of blades; but in
either case, at least some of the blades will each have a
sensor aligned therewith. It 1s preferred the each blade 1s
provided with a corresponding sensor 1n order to provide the
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most accurate result, however in some embodiments sensors
may only be provided for some blades.

The cross section shown 1n FIG. 2 1s taken along the line
A-A 1n FIG. 1 and shows sensors 40a, 405, 40¢ and 40d as
described above and as shown in FIG. 1. As described
above, each of the sensors 40a-d 1s aligned with a respective
one of the blades 20a-d.

In use, the drive shait 30 of the propeller will rotate in the
usual way, thereby rotating sensors 40a, 405, 40¢c and 404
with blades 20a, 2056, 20¢ and 20d. The sensors measure the
strain (1n this case provide a voltage that 1s representative of
the strain, see discussion above) 1n the shait at each location.
Strain 1s measured continuously or periodically over time,
preferably over multiple revolutions of the propeller. This
also applies to the later described embodiments.

The bending moment 1s determined from the measured
strain (1n this case from the voltage representative of the
strain). It may be calculated using methods readily under-
stood by those skilled 1n the art. Or, to simplily matters, a
calibration can be made between strain and bending
moment, by finding a relationship between a known applied
moment and the measured strain. The response 1s typically
very linear, so 1t 1s a simple constant to convert strain sensor
output to bending moment. In embodiments, this constant 1s
input to the Data Acquisition System (DAS) computer
together with the strain measurements so that the DAS
computer can easily convert strain measurements to bending
moment and provide a bending moment output (1.e. in
engineering units).

In either case, 1t will be appreciated that in embodiments
of the first propeller health monitoring arrangement, the
strain 1s measured by the strain sensors and the strain sensor
measurements are converted to bending moments by a
processor, 1 an appropriate way.

In the present embodiment, this measured strain 1s 1nput
to a processor (not shown) for calculation of bending
moment. The processor may be located in the FADEC or in
the nacelle, n which cases the measured strains may for
example be transmitted via a slip, ring telemetry and/or
Wi-F1 from the rotating part to the static part and then to the
FADEC or nacelle. This allows for real-time processing of
the measured strains. I1 1t 1s desirable to 1nstead analyse data
after a flight, 1t may also be possible to record and store data
and download this at the end of the flight.

The combination of the sensors and the processor may
together be considered as an apparatus or system.

The processor calculates the shaft bending moments from
the measured strain values for each of the sensors 40q, 405,
40c and 40d which correspond to the bending moments 1n
the plane of each respective blade 20a, 205, 20c and 20d.
The bending moments calculated for each sensor location
are then analysed to determine if the blade associated with
that sensor may be damaged, as 1s discussed further below.
Since strain measurements are obtained over a period of
time (and thus how the strain changes over time 1s known),
bending moment over a period of time can be determined
from these strain measurements, thus i1t 1s known how
bending moment changes over time. This enables steady
bending moment to be determined as discussed later. This
also applies to later described embodiments of the first
propeller health monitoring arrangement.

It should be noted that in this context, a bending moment
of a shaft 1s a bending moment of the shaft in the frame of
reference of the shaft, 1.e. with respect to the shait, so the
frame of reference 1s taken as rotating with the propeller
drive shaft. This 1s not the same as a dynamic bending
moment measured using a stationary object as the reference
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point and viewing the rotating propeller drive shaft as
having a relatively rotating bending moment.

FIG. 3 illustrates graphically the shaft bending moments
over time, for the propeller 10 of FIG. 1, calculated using
strain data from two of the sensors: 40a and 4056. The skilled 5
person would readily appreciate how to calculate bending
moment from measured strain data. In this case, the blades
20a, 206 of the propeller 10 which correspond to these
sensor measurements are healthy.

The solid line 110 shows the bending moment of the drive 10
shaft 30 over time 1n a first plane defined as a plane having
a normal being a vector product of:

the diameter of the drive shaft 30 at the orientation at

which the first sensor 40a, 1s connected thereto; and

the axis of rotation of the drive shait 30. 15

In other words, the solid line 110 represents the bending
moment calculated from the first sensor.

The first plane rotates with the drive shait, since the first
sensor 40a rotates with the drive shaft.

The dotted line 120 shows the bending moment of the 20
drive shaft 30 over time 1n a second plane defined as a plane
having a normal being a vector product of:

the diameter of the drive shaft 30 at the orientation at

which the second sensor 405 1s connected thereto; and

the axis of rotation of the drive shait 30. 25

In other words, the dotted line 120 represents the bending,
moment calculated from the second sensor.

The second sensor 405 1s located at an orientation which
1s 90 degrees rotated about the axis of the drive shaft relative
to the first sensor. The second plane rotates with the drive 30
shaft 30, since the second sensor 404 rotates with the drive
shaft.

Both of the bending moments 110, 120 are sinusoids
centred around a zero steady bending moment, shown by the
dashed line 105. In other words, although the drive shaft 35
may at times during rotation bend in one direction in the
respective plane and at other times during rotation bend in
the opposite direction 1n the respective plane, the average
bending moment 1s zero. This means that the thrust produced
by the blades 20a, 205 and the centrifugal force generated by 40
the blades 20a, 206 are equal, and indicates that each of
blades 20a, 206 are (or are very likely to be) healthy, 1.c.
undamaged. Moreover, the blade diametrically opposite to
cach of blades 20a, 2056 1s also likely to be healthy.

Conversely, FIG. 4 1llustrates graphically the shaft bend- 45
ing moments over time, for the propeller 10 of FIG. 1, 1n the
case that blade 20a and/or the blade diametrically opposite
to 1t, blade 20c¢, 1s damaged. As shown in FIG. 4, although
the dotted line 120 (representing the bending moment cal-
culated using measurements by the second sensor 40b) has 50
not changed compared to FIG. 3 and 1s still centred about the
zero steady bending moment indicated by dashed line 105,
the solid line 110 (representing the bending moment calcu-
lated from the first sensor 40q) has shifted to be centred
about a non-zero steady bending moment, and i1s now 355
labelled as line 130.

So, the bending moment has an average bending moment
which 1s oflset from zero bending moment. In other words,
as the propeller drive shaft 30 rotates, it tends to bend more
in one direction than 1t does 1n the opposite direction. The 60
non-zero average bending moment, 1.¢. the steady bending
moment, 1s given by solid line 140 and the amount by which
it 1s oflset from a zero average bending moment 1s indicated
by arrow 130.

In this case, at least one of the blade 20a corresponding 65
to the first sensor 40aq and the blade 20¢ located diametri-
cally opposite across the propeller from the first sensor 40aq,

10

has been damaged. (As mentioned earlier, 1n propellers with
an even number of blades such that each blade has a blade
diametrically opposite thereol, a sensor aligned with a
particular blade will monitor a deviation 1n steady bending
moment if either that blade or its diametrically opposite
counterpart 1s damaged).

Since this embodiment 1s for a four-bladed propeller, for
all healthy blades which are not diametrically opposed
across the propeller from a damaged blade, the measured
steady bending moment will remain at zero. Thus the steady
bending moment 105 for the cyclic bending moment given
by dotted line 120 (which corresponds to the measurement
from the second sensor 4056 located 90 degrees around the
propeller from the first sensor 40a) does not deviate from
zero 1n this case as the corresponding blade 205 (and the
diametrically opposite blade 204) 1s (are) not damaged.

The four bladed propeller 1s unique because the sensor
(e.g. 40b) aligned with one undamaged blade (e.g. 205) and
the sensor (e.g. 40d) aligned with 1ts opposing undamaged
counterpart (e.g. 20d) are on the neutral axis for a moment
caused by damage to either (or both) of the other two blades
(40a, 40¢). Hence, the steady bending moment determined
from measurements by sensors aligned with the undamaged
blades does not deviate from zero. If, on the other hand,
there are more blades with sensors, they will not be on the
neutral axis and will respond to damage to the other blades.
Thus, 1n other propeller embodiments where there are an
even number of blades greater than four, or an odd numbers
of blades, as mentioned above even healthy blades will have
a steady bending moment deviated from zero. But, the
magnitude of the deviation will be less than the deviation for
damaged blades.

It 1s the magnitude of the deviation from the zero bending
moment for each sensor which 1s determined by the proces-
sor 1n order to establish 11 a blade (or, for propellers with
even numbers of blades, the blade diametrically opposed to
it) 1s damaged, and thus whether the health of the propeller
1s 1mpaired.

Depending on what damage has occurred, there may be a
positive or negative steady bending moment, 1.¢. a positive
or negative oflset 150 from zero, although the latter 1s not
shown 1n FIG. 4. The quantity to be evaluated 1s therefore
the magnitude of the ofiset 150. If the magnitude of the
oflset 150 exceeds a predetermined threshold, 1t 1s estab-
lished that either the blade corresponding to the sensor
yielding the oflset steady bending moment 150 exceeding
the threshold, or the blade diametrically opposed from that
blade, 1s damaged. Consequently, an alert for maintenance
can be triggered and the identified blades of the propeller can
be mspected for damage and repair or replacement work can
be carried out. If the magnitude of the steady bending
moment oflset 1s below the predetermined threshold, 1t 1s
established that the ofiset 1s not significant enough to be
indicative of a damaged blade.

The threshold for the magnitude of the offset 1s specific to
the particular propeller and may depend on various factors
such as number of blades, total thrust and blade diameter, all
of which can afiect the observed steady bending moments.
For example, from a thrust-standpoint, even brand new
blades which are intended to be identical may not be
perfectly balanced (1.¢. they may have mherent small thrust
differences), due to manufacturing tolerances. Furthermore,
there may be a bias in the observed steady bending moments
due to a drift on the strain sensors because of temperature
compensation. In order that such effects are not accidentally
confused with steady bending moment oflsets due to blade
damage, 1t should be established empirically what 1s the
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extent of any oflset present when the blades are healthy. A
suitable offset threshold for blade damage can then be
chosen which would clearly indicate a blade being damaged.

The skilled person would readily understand that an
appropriate threshold can be established empirically from
test data, e.g. data obtained during a flight test. This 1s well
within the capability of the skilled person.

The above described method utilises a comparison with a
threshold of the oflset between a zero bending moment and
the average bending moment, 1n order to detect a damaged
blade (this 1s described in more detail later as the “shaift
method one”, with reference to FIG. 7).

However, 1n another method (described 1n more detail
later as the “shait method two”, with reference to FIG. 8),
the average, 1.e. steady, bending moment corresponding to
cach sensor may be compared with that of the other sensors
in order to detect the presence of a damaged blade. This
could be achieved for example by calculating the cumulative

“error” 1n the steady bending moments measured by each
strain gauge as given by the following formula:

2-05

C N
error SBM,, = Z (SBM,, — SBM;)*

| =1

where n 1s the reference number for the strain sensor 1n
question and N 1s the total number of strain sensors.

From this, it can be established that the blade correspond-
ing to the strain sensor which gives rise to the largest “error”
in the steady bending moment (or, for even numbers of
blades, the blade diametrically opposite) may be damaged.

A second embodiment of the first propeller monmitoring
arrangement, 1n which a propeller has an odd number of

blades, 1s now described. FIG. 5 shows a propeller 210
having three blades 220a, 2205 (not shown) and 220c¢. The
blades 220a, 2205, 220c¢ are connected to the hub 250 of the
propeller via hub arms 255. Attached to the propeller 1s a
drive shait 230 having three sensors 240a, 2405, 240c¢, the
arrangement of which can be seen more clearly in FIG. 6.

FIG. 6 shows a cross section through the drive shaft along
the line B-B 1n FIG. 5. The circumierential locations of each
of the blades 220a, 2205 and 220c¢ are indicated by radial
lines. There are three sensors: sensor 240a 1s aligned with
blade 220a; sensor 2405 1s aligned with blade 2205; and
sensor 240c¢ 1s aligned with blade 220c.

The bending moments determined from strain measure-
ments measured by the straimn sensors 240a, 24056, 240c¢
when plotted graphically would resemble those shown in
FIG. 3 for a healthy propeller having an even number of
blades. That 1s, the sinusoidal bending moments would be
centred around an average bending moment of zero, 1.e. have
a zero steady bending moment. However, if a single blade
were to become damaged, the steady bending moments for
all of the blades would be offset from zero, while the oflset
of the steady bending moment determined from the strain
measurement measured by the sensor corresponding to the
damaged blade would have the greatest magnitude.

The two methods (shaft method one and shaft method
two) for monitoring the health of a four-bladed propeller, as
described above, can also be used with this second embodi-
ment of the disclosure.

In the first method (shait method one), the magnitude of
the steady bending moments can be compared against a
threshold. Since the magnitude of the offset steady bending

moment corresponding to the damaged blade will be the
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largest, the threshold can be selected, for example in the
manner described above, such that only significantly large
oflsets will exceed the threshold. Thus the damaged blade
can be i1dentified. Alternatively, the amount by which the
steady bending moments exceed the threshold can be cal-
culated. The greatest amount 1s indicative of which blade 1s
damaged.

In the second method (shait method two), the steady
bending moment corresponding to sensor may be compared
with that of the other sensors in order to detect the presence
of a damaged blade. This could be achieved for example by
calculating the cumulative “error” in the steady bending
moments determined from the strain measured by each
sensor as given by the following formula:

2-05

TN
error SBM,, = Z (SBM,, — SBM;;)*
i—1

where n 1s the reference number for the strain sensor 1n
question and N 1s the total number of strain sensors.

From this, 1t can be established that the strain sensor
which gives rise to the largest “error” 1n the steady bending
moment has a corresponding blade which may be damaged.

FIG. 7 describes 1n more detail the “shaft method one”

300 for a propeller with an even or an odd number of blades.
At step 310, strain sensors are installed on the drive shait of
the propeller, one corresponding to each blade. Each sensor
provides a measurement of the strain 1n the drive shaft at that
location.

At step 320, the strain sensor data 1s analysed to determine
the steady bending moment corresponding to each sensor.
This 1includes using a processor to convert the strain mea-
surements to bending moments and perform various algo-
rithms to find the steady bending moment. A first algorithm
calculates the time taken for one revolution of the propeller,
given by (RPM/60) -1. A second algorithm records the
maximum and mimimum bending moment measured by each
sensor 1n each revolution. A third algorithm calculates the
steady bending moment (SBM) for each sensor in each
revolution by taking the average of the recorded maximum

and minimum bending moments, 1.e. (max+min)/2.

At step 330, the magnitudes of the calculated steady
bending moments (SBM) corresponding to each sensor are
compared to a threshold. A decision 1s taken as to whether
the steady bending moment magnitudes exceed the thresh-
old. If none of them exceed the threshold, then at step 340,
the blades are deemed healthy and the method returns to step
320. Otherwise, 1 one or more steady bending moment
magnitude does exceed the threshold, then the method
proceeds with step 350.

At step 350, the method determines 1f the propeller has an
odd number of blades. If this 1s the case, then it 1s established
at step 360 that the blade aligned with the sensor, the strain
measurement of which yielded the largest steady bending
moment exceeding the threshold, 1s damaged. Otherwise, 1T
there 1s an even number of blades, then it 1s established at
step 370 that the blade aligned with the sensor and/or the
blade diametrically opposite to the sensor, the strain mea-
surement of which vyielded the largest steady bending
moment exceeding the threshold, 1s damaged.

An alert (e.g. a visual or aural indicator) can then be raised
and the identified blade or pair of blades can then be
inspected for maintenance.
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FIG. 8 describes 1n more detail the “shaft method two™
400 for a propeller with an even or an odd number of blades.
At step 410, a strain sensor (e.g. a full bridge strain gauge)
1s 1nstalled on the drive shaft of the propeller corresponding
to each blade. Each sensor measures the strain in the drive
shaft at that location.

At step 420, the strain sensor data 1s analysed to determine
the steady bending moment corresponding to each sensor.
This 1includes using a processor to convert the strain mea-
surements to bending moments and perform various algo-
rithms. A first algorithm calculates the time taken for one
revolution of the propeller, given by (RPM/60) -1. A second
algorithm records the maximum and minimum bending
moment measured by each sensor 1n each revolution. A third
algorithm calculates the steady bending moment (SBM) for
cach sensor in each revolution by taking the average of the
recorded maximum and minimum bending moments, 1.€.
(max+min)/2).

At step 430, the magnitudes of the calculated steady
bending moments (SBM) corresponding to each sensor are
compared to each other. For example, the cumulative “error”
may be calculated in the steady bending moments corre-

sponding to each strain sensor as given by the following
formula:

2-0.5

N
Z (SBM,, — SBM:)?
=1

error SBM,, =

where n 1s the reference number for the strain sensor in
question and N 1s the total number of strain sensors. From
this, 1t can be established that the strain sensor which gives
rise to the largest “error” in the steady bending moment (1.¢.
an error outside a defined tolerance) has a corresponding
blade (or blades) which may be damaged. A decision 1s then
taken as to whether the steady bending moments are equal
within a defined tolerance. Thus 1f all of the “error’s
calculated above are within a defined tolerance, such as for
example, a 3%, 5%, 10%, 15% or 20% tolerance, the blades
are deemed at step 440 to be healthy and the method returns
to step 420. Otherwise, 1if any of the “‘error’s calculated
above are not within a defined tolerance, such as {for
example, a 3%, 5%, 10%, 15% or 20% tolerance, then the
method proceeds with step 450.

At step 450, the method determines 11 the propeller has an
odd number of blades. If this 1s the case, then it 1s established
at step 460 that the blade aligned with the sensor, the strain
measurement of which has yielded the largest “error” com-
pared to the “error” of the other sensors, or which has
yielded the largest difference in steady bending moment
compared to the steady bending moments of the other
sensors, 1s damaged. Otherwise, 1f there 1s an even number
of blades, then it 1s established at step 470 that the blade
aligned with the sensor and/or the blade diametrically oppo-
site to the sensor, the strain measurement of which has
yielded the largest “error” compared to the “error” of the
other sensors, or which has yielded the largest difference 1n
stcady bending moment compared to the steady bending
moments of the other sensors, 1s damaged.

An alert (e.g. a visual or aural indicator) can then be raised
and the identified blade or pair of blades can then be
ispected for maintenance.

In the first and second embodiments of the first propeller
health monitoring arrangement described above, a sensor 1s
provided for each of at least some of the blades of the
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propeller. Strain 1n the propeller drive shait 1s measured
using these multiple sensors (which may be denoted “pri-
mary sensors”), with each sensor providing a respective
strain measurement. These “primary sensors” are located
around a circumierence of the drive shaft, and each primary
sensor 1s located such that 1t crosses a plane defined by the
radial direction of a blade and the central axis, the plane
being bounded by the central axis. Thus, the strain measured
by each strain sensor 1s associated with a particular blade or
blade pair comprising the particular blade and a diametri-
cally opposed blade.

However, the present inventors have discovered that
advantages are oflered by using pairs of strain sensors, with
a pair of strain sensors being associated with a particular
blade or blade pair. Each pair of strain sensors can comprise
a “primary sensor”’, and a “secondary sensor”’, wherein the
secondary sensor 1s located around the circumierence of the
drive shaft diametrically opposite to a primary sensor. The
terminology “primary” and “secondary” 1s merely used to
distinguish between the sensors, and does not infer that one
1s preferable 1n any way to the other. In embodiments
utilising such a pair of strain sensors, the method of the
disclosure additionally comprises measuring strain in the
propeller drive shaft using the secondary sensors, and the
steady bending moment associated with each blade 1s cal-
culated using the strain data obtained by both sensors of each
pair. This offers the advantage that axial load can be can-
celled out. Embodiments utilising pairs of strain sensors are
now described.

Sinusoidal bending moments can be measured by fixing
strain sensors 1n pairs corresponding to the blades around the
shaft, each sensor pair comprising a sensor at a position on
the circumierence of the shaft which 1s aligned with the
circumierential position at which a blade 1s located (denoted
a primary sensor) and a sensor at a position diametrically
opposite from 1t across the shaft (denoted a secondary
sensor), on the circumierence of the shait. Put another way,
for a propeller having a plurality of blades extending radially
outwardly from hub arms of a propeller hub, which 1n turn
extend radially outwardly from a central axis extending
through the propeller and a propeller drive shaft, diametri-
cally opposed strain sensor pairs corresponding to each of
the blades can be provided around a circumierence of the
drive shaft, each strain sensor pair comprising two sensors
crossing a plane defined by the radial direction of the
corresponding blade and the central axis and being diametri-
cally opposed to one another across the drive shaft.

For a propeller having an odd number of blades N, there
will be N sensor pairs, while for a propeller having an even
number of blades N, there will be N/2 sensor pairs, since
cach pair of diametrically opposed blades shares a sensor
pair. It will be appreciated that for an even number of blades,
i a particular blade Y has a primary sensor aligned therewith
and a secondary sensor diametrically opposite, that second-
ary sensor 1s also aligned with a blade, call this blade Z. The
secondary sensor for blade Y i1s then the primary sensor for
blade Z, whilst the primary sensor for blade Z 1s the
secondary sensor for blade Y. In practice, therefore, each
pair ol diametrically opposed blades shares a sensor pair and
shares the sensor measurements made by the pair. Thus, the

strain measurements for blade Y will be the same as the
strain measurements for blade Z.

When a propeller blade has been damaged, as discussed
previously, 1t may produce more or less thrust than a healthy
propeller blade and may also experience a diflerent centrifu-
gal force compared to a healthy blade. Consequently, the
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damaged blade will give rise to a sinusoidal bending
moment centred around a non-zero steady bending moment.

For a propeller having four blades (and thus two sensor
pairs), one blade (or two opposing blades) of which are
damaged, only the sensor pair corresponding to the damaged
blade(s) will monitor a change 1n steady bending moment.
The sensor pair corresponding to the healthy blades will
continue to monitor a zero steady bending moment since
they are on the neutral axis. As mentioned above, the neutral
axis 1s, by definition, the location on a structural member
where the stress and strain produced by a bending moment
1s zero. For a circular shaft with a uniform cross-section, the
neutral axis passes through the centre of the shaft and 1s
aligned with the bending moment vector.

For a propeller having an even number of blades greater
than four, or an odd number of blades, 1f there 1s a damaged
blade(s) all of the sensor pairs will monitor a deviation in
steady bending moment from zero, even those correspond-
ing to healthy blades. However, the largest deviation will be
monitored by the sensor pair corresponding to the damaged
blade.

Additionally, the sinusoidal bending moment for a dam-
aged blade or blades may have a different amplitude com-
pared to that of a healthy (1.e. undamaged) blade or blades
of the propeller.

Thus, by identifying a shift in steady bending moment
away Irom a zero steady bending moment and the magnitude
of the shift, e.g. by comparing with a threshold, 1t 1s possible
to both establish 1f the health of the propeller 1s impaired,
and also identity which blade(s) are damaged. Damage
detectable by identifying such a shift in bending moment
may include airfoil damage or o1l in a blade cavity, which
would create an acrodynamic or mass 1mbalance.

FIG. 9 shows a third embodiment of a {irst arrangement,
in which a propeller 110 1s attached to a propeller drive shatt

130. The propeller 110 has four blades 120a, 1205, 120¢ and
1204 (blade 1204 1s not shown) which are spaced equidis-
tantly around the circumierence of the propeller 110, and
extend radially outwardly from hub arms 155 of a propeller
hub 150. These hub arms 155, in turn, extend radially
outwardly from a central axis X, which extends through the
propeller 110 and propeller drive shaft 130.

Arranged around the drive shaft 130 are strain sensors
140a, 1405, 140¢, 1404 (sensor 1404 1s not shown), each
corresponding to one of the blades 120q, 1205, 120¢ and
1204 respectively.

Sensors 140aq and 140c¢ form primary and secondary
sensors respectively of a sensor pair 140', with the secondary
sensor 140¢ being arranged diametrically opposite across the
drive shaft 130 from the primary sensor 140a. Sensors 14056
and 1404 form primary and secondary sensors respectively
of another sensor pair 140", with the secondary sensor 1404
being arranged diametrically opposite across the drive shaft
130 from the primary sensor 14056. Each blade is thus
provided with a sensor pair: blades 120aq and 120c¢ are
provided with sensor pair 140', whilst blades 1205 and 1204
are provided with sensor pair 140",

The primary strain sensor of each pair 140', 140", crosses
a plane defined by the radial direction of the blade for which
the sensor pair 1s provided and the central axis, the plane
being bounded by the central axis.

As described previously, since there are an even number
of blades equidistantly spaced around the circumiference of
the propeller, the primary sensor of a sensor pair correspond-
ing to one blade also acts as a secondary sensor of a sensor
pair corresponding to the diametrically opposed blade. Thus
tor a propeller having an even number of blades N, there are
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N sensors, such that two diametrically opposed blades share
a sensor pair. In other words, opposing blades “share” the
same sensors. Fach strain sensor in each strain sensor pair
crosses a plane defined by the radial direction of the corre-
sponding blade and the central axis.

Exemplary suitable strain sensors are discussed later. The
two strain sensors in each pair will generally be wired
together such that twice the strain output 1s provided for a
given shaft bending moment, thus yielding greater accuracy.

The arrangement of FIGS. 9 and 10 1s exemplary only and
other embodiments may have other numbers of blades.
There may be an even number of blades or odd numbers of
blades, the latter being described below 1n relation to FIG.
13. In eirther case, there will be a strain sensor pair, or
“bending pair” provided for each of at least some of the
blades, with one sensor of the pair being aligned with the
blade and another sensor being arranged diametrically oppo-
site.

The cross section shown 1n FIG. 10 1s taken along the line
C-C 1n FIG. 9 and shows sensors 140a, 14056, 140¢ and 1404
as described above and as shown in FIG. 9. As described
above, each of the sensor pairs 140' (140aq and 140¢), 140"
(1405 and 140d) 1s aligned with two of the blades 120a,
120c, 1205, 1204, such that two diametrically opposed
blades share a sensor patr.

In use, the drive shaft 130 of the propeller will rotate 1n
the usual way, thereby rotating the sensor pairs 140', 140"
with the blades. The pairs of strain sensors 140aq and 140c,
1406 and 1404 measure the strain in the drive shatt 130 at

cach location. This measured strain 1s input to a processor
(not shown) for calculation of bending moments as
described below. The processor may be located in the
FADEC or in the nacelle, in which cases the measured
strains may for example be transmitted via a slip ring,
telemetry and/or Wi-F1 from the rotating part to the static
part and then to the FADEC or nacelle. This allows for
real-time processing of the measured strains. I 1t 1s desirable
to 1nstead analyse data after a flight, 1t may also be possible
to record and store data and download this at the end of the
tlight.

The combination of the sensors and the processor may
together be considered as an apparatus or system.

The processor calculates the shaft bending moments from

the measured strain values for each of the sensor pairs 140",
140" which correspond to the bending moments in the plane
of each blade 120aq and 120c¢, 1206 and 120d. The bending
moments calculated for each sensor pair location are then
analysed to determine 11 the blade or blades associated with
that sensor pair may be damaged, as 1s discussed further
below.

It should be noted that in this context, a bending moment
of a shaft 1s a bending moment of the shaft in the frame of
reference of the shaft, 1.e. with respect to the shaft, so the
frame of reference 1s taken as rotating with the propeller
drive shait. This 1s not the same as a dynamic bending
moment measured using a stationary object as the reference
point and viewing the rotating propeller drive shait as
having a relatively rotating bending moment.

FIG. 11 illustrates graphically the shaft bending moments
over time, for the propeller 110 of FIG. 9, calculated using
strain data from both of the sensor pairs. The skilled person
would readily appreciate how to calculate bending moment
from measured strain data. In this case, the blades of the
propeller 110 which correspond to these sensor pair mea-
surements are healthy.
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The solid line 1110 shows the bending moment of the
drive shaft 130 over time 1n a first plane defined as a plane
having a normal being a vector product of:

the diameter of the drive shaft 130 at the onientation at

which the sensor pair 140' 1s connected thereto; and

the axis of rotation of the drive shaft 130.

The first plane rotates with the drive shait, since the
sensor pair 140' rotates with the drive shait 130.

The dotted line 1120 shows the bending moment of the
drive shait 130 over time 1n a second plane defined as a plane
having a normal being a vector product of:

the diameter of the drive shaft 130 at the orientation at

which the sensor pair 140" 1s connected thereto; and

the axis of rotation of the drive shaft 130.

The sensor pair 140" 1s located at an orientation which 1s
90 degrees rotated about the axis of the drive shait relative
to the sensor pair 140'. The second plane rotates with the
drive shaft 130, since the sensor pair 140" rotates with the
drive shatt.

Both of the bending moments 1110, 1120 are sinusoids
centred around a zero steady bending moment, shown by the
dashed line 1105. In other words, although the drive shaft
may at times during rotation bend in one direction in the
respective plane and at other times during rotation bend in
the opposite direction 1n the respective plane, the average
bending moment 1s zero. This means that the thrust produced
by the blades and the centrifugal force generated by the
blades are equal, and 1s indicative of healthy propeller blades
and thus a healthy propeller.

Conversely, FIG. 12 illustrates graphically the shatt bend-
ing moments over time, for the propeller 110 of FIG. 9, 1n
the case that at least one of the blades 1n the pair of blades
corresponding to sensor pair 140' 1s damaged. As shown 1n
FIG. 12, although the dotted line 1120 (representing the
bending moment calculated using strain measurements from
sensor pair 140") has not changed compared to FIG. 11 and
1s still centred about the zero bending moment indicated by
dashed line 1105, the solid lime 1110 (representing the
bending moment calculated using strain measurements from
sensor pair 140') has shifted to be centred about a non-zero
steady bending moment, and 1s now labelled as line 1130. In
this case, as the propeller has an even number of blades and
cach sensor pair corresponds to two blades, then one of the
two blades corresponding to the sensor pair 140' has been
damaged and so the bending moment has an average bend-
ing moment which 1s offset from zero bending moment. In
other words, as the propeller drive shait 130 rotates, it tends
to bend more 1n one direction than it does 1n the opposite
direction. The non-zero average bending moment, 1.e. the
steady bending moment, 1s given by solid line 1140 and the
amount by which 1t 1s offset from a zero average bending
moment 11035 1s imndicated by arrow 1150.

Since this embodiment 1s a four-bladed propeller, for all
healthy blades which are not diametrically opposed across
the propeller from a damaged blade, the measured steady
bending moment will remain at zero. Thus the steady
bending moment 1105 (1.e. the average bending moment) for
the cyclic bending moment given by dotted line 1120, which
corresponds to the measurement from the sensor pair 140"
does not deviate from zero in this case as the corresponding
blades are not damaged. The four bladed propeller 1s unique
because the sensor pair (e.g. 140") aligned with an undam-
aged blade pair (1405, 140d) 1s on the neutral axis for a
moment caused by damage to either (or both) of the other
two blades (140a, 140c¢). Hence, the steady bending moment
determined from measurements by the sensor pair aligned
with the undamaged blades does not deviate from zero.
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I, on the other hand, there are more blades with sensors,
they will not be on the neutral axis and will respond to
damage to the other blades. Thus, in other propeller embodi-
ments where there are even numbers of blades greater than
four or odd numbers of blades, as mentioned previously,
even healthy blades will have a steady bending moment
deviated from zero, but the magnitude will be less than the
deviation for damaged blades.

It 1s the magnitude of the deviation from the zero bending
moment for each sensor pair which 1s determined by the
processor 1n order to establish 1f a blade or blades corre-
sponding to the respective sensor pair 1s/are damaged, and
thus whether the health of the propeller 1s impaired.

Depending on what damage has occurred, there may be a
positive or negative steady bending moment, 1.e. a positive
or negative oflset 1150 from zero, although the latter 1s not
shown 1n FIG. 12. The quantity to be evaluated i1s therefore
the magnitude of the offset 1150. If the magnitude of the
oflset 1150 exceeds a predetermined threshold, 1t 1s estab-
lished that at least one of the blades corresponding to the
sensor pair vielding the offset steady bending moment 1150
exceeding the threshold, 1s damaged.

Consequently, an alert for maintenance can be triggered
and the 1dentified blades of the propeller can be imnspected for
damage and repair or replacement work can be carried out.
If the magnitude of the steady bending moment oflset i1s
below the predetermined threshold, 1t 1s established that the
oflset 1s not significant enough to be indicative of a damaged
blade.

The threshold for the magnitude of the offset 1s specific to
the particular propeller and may depend on various factors
such as the number of blades, total thrust and blade diameter,
both of which can aflect the observed steady bending
moments. For example, from a thrust-standpoint, even brand
new blades which are intended to be i1dentical may not be
perfectly balanced (1.e. they may have mherent small thrust
differences), due to manufactunng tolerances. Furthermore,
there may be a bias in the observed steady bending moments
due to a drift on the strain sensors because of temperature
compensation. In order that such effects are not accidentally
confused with steady bending moment oflsets due to blade
damage, 1t should be established empirically what 1s the
extent ol any oflset present when the blades are healthy. A
suitable offset threshold for blade damage can then be
chosen which would clearly indicate a blade being damaged.

The skilled person would readily understand that an
appropriate threshold can be established empirically from
test data, e.g. data obtained during a flight test. This 1s well
within the capability of the skilled person.

The above described method utilises a comparison with a
threshold of the ofiset between a zero bending moment and
the average bending moment, in order to detect a damaged
blade (this 1s described in more detail later as “shait method
three”, with reference to FIG. 15). However, in another
method (described 1n more detail later as the *“shait method
four”, with reference to FIG. 16), the average, 1.e. steady,
bending moment corresponding to each sensor pair may be
compared with that of the other sensor pair(s) in order to
detect the presence of a damaged blade. This could be
achieved for example by calculating the cumulative “error”
in the steady bending moments determined from measure-

ments by each pair of strain gauges as given by the following
formula:

2-0.5

error SBM,, = Z (SBM,, — SBM;)*
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where n 1s the reference number for the stramn gauge
sensor pair in question and N 1s the total number of strain
gauge Sensor pairs.

From this, 1t can be established that the pair of strain
gauges which gives rise to the largest “error” 1n the steady
bending moment have a corresponding blade or blades
which may be damaged.

A fourth embodiment of the first propeller health moni-
toring arrangement 1n which a propeller with an odd number
of blades 1s provided with sensor pairs 1s now described.
FIG. 13 shows a propeller 1210 having three blades 12204,
12205 (not shown) and 1220¢. The blades 1220a, 12205,
1220¢ are connected to the hub 1250 of the propeller 1210
via hub arms 1255. Attached to the propeller 1210 1s a drive
shaft 1230 having six sensors 1240a, 124056, 1240¢, 12404,
1240e, 1240/, the arrangement of which can be seen more
clearly in FIG. 14.

FIG. 14 shows a cross section through the drive shaft
along the line D-D 1n FIG. 13. The circumierential locations
of each of the blades 1220a, 12205 and 1220¢ are indicated
by radial lines. There are three pairs of sensors. Sensors
1240a and 12404 are aligned with blade 1220a (sensor pair
1240"). Sensors 12406 and 1240e are aligned with blade
12205 (sensor pair 1240"). Sensors 1240c and 1240/ are
aligned with blade 1220c¢ (sensor pair 1240'). Or, it may be
considered that sensor 1240q 1s a primary sensor for blade
1220a and 1s aligned therewith, with sensor 12404 forming
a diametrically opposed secondary sensor. Sensor 12405 1s
a primary sensor for blade 12205 and 1s aligned therewith,
with sensor 1220e forming a diametrically opposed second-
ary sensor. Sensor 1240c¢ 1s a primary sensor for blade 1220c¢
and 1s aligned therewith, with sensor 1220f forming a
diametrically opposed secondary sensor. Thus for a propel-
ler having an odd number N of blades, there will be N pairs
of sensors, 1.e. 2N sensors 1n total. In this case, no two blades
share a sensor pair.

The bending moments determined from strain measure-
ments made by the strain sensors 1240a-f when plotted
graphically would resemble those shown 1 FIG. 11 for a
healthy propeller having an even number of blades. That 1s,
the sinusoidal bending moments would be centred around an
average bending moment of zero, 1.e. have a zero steady
bending moment. However, if a blade was to become
damaged, the steady bending moments for all of the blades
would be offset from zero, while the oflset of the steady
bending moment determined from strain measurements
made by the sensor pair corresponding to the damaged blade
would have the greatest magnitude.

Shaft method three and shait method four for monitoring
the health of a four-bladed propeller, as described above, can
also be used with this fourth embodiment of the disclosure.

In shait method three, the magnitude of the offset steady
bending moments can be compared against a threshold.
Since the magnitude of the offset steady bending moment
corresponding to the damaged blade will be the largest, the
threshold can be selected such that only significantly large
oflsets will exceed the threshold. Thus the damaged blade
can be 1dentified. Alternatively, the greatest steady bending
moment offset may be considered indicative of a blade
which 1s damaged.

In shaft method four, the steady bending moment corre-
sponding to each sensor pair may be compared with that of
the other sensor pairs in order to detect the presence of a
damaged blade. This could be achieved for example by
calculating the cumulative “error” 1n the steady bending
moments corresponding to each pair of strain gauges as
given by the following formula:
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Y 5703
Z (SBM,, — SBM;)?

| i=1

error SBM,, =

where n 1s the reference number for the strain gauge
sensor pair 1n question and N 1s the total number of strain
gauge Sensor pairs.

From this, 1t can be established that the pair of strain
gauges which gives rise to the largest “error” 1n the steady
bending moment has a corresponding blade which may be
damaged.

FIG. 15 describes in more detail the “shaft method three”
1300 for a propeller with an even or an odd number of
blades. At step 1310, a pair of stramn gauge sensors 1s
installed on the drive shait of the propeller corresponding to
cach blade. In each sensor pair, one sensor 1s circumieren-
tially aligned with the blade, while the other 1s located at a
diametrically opposite position on the drive shaft. For an
N-bladed propeller, 1f N 1s even, there will be N/2 sensor
pairs, since diametrically opposed blades will share a sensor
pair. If N 1s odd, there will be N sensor pairs. Each sensor
pair 1s set up to measure a bending moment (BM).

At step 1320, the strain sensor data 1s analysed to deter-
mine the steady bending moment corresponding to each
sensor. This includes using a processor to convert the strain
measurements to bending moments and perform various
algorithms. A first algorithm calculates the time taken for
one revolution of the propeller, given by (RPM/60) -1. A
second algorithm records the maximum and minimum bend-
ing moment measured by each sensor pair 1n each revolu-
tion. A third algorithm calculates the steady bending
moment (SBM) for each sensor pair 1n each revolution by
taking the average of the recorded maximum and minimum
bending moments, 1.e. (max+min)/2.

At step 1330, the magmtudes of the calculated steady
bending moments (SBM) corresponding to each sensor pair
are compared to a threshold. A decision 1s taken as to

whether the steady bending moment magnitudes exceed the
threshold. If this not the case, then at step 1340, the blades
are deemed healthy and the method returns to step 1320.
Otherwise, 1f the steady bending moment magnitudes do
exceed the threshold, then the method proceeds with step
1350.

At step 1350, the method determines 11 the propeller has
an odd number of blades. If this i1s the case, then 1t 1s
established at step 1360 that the blade aligned with the
sensor pair vielding the largest steady bending moment
exceeding the threshold 1s damaged. Otherwise, if there 1s an
even number of blades, then it 1s established at step 1370 that
the blade aligned with the primary sensor of the sensor pair
(and/or the blade diametrically opposite) yielding the largest
steady bending moment exceeding the threshold 1s damaged.

The i1dentified blade or pair of blades can then be
inspected for maintenance at a later point and an alert for this
can be raised.

FIG. 16 describes 1n more detail “shaft method four” 1400
for a propeller with an even or an odd number of blades. At
step 1410, a pair of strain gauge sensors (e.g. full bridge
strain gauges) 1s nstalled on the drive shait of the propeller
corresponding to each blade. In each sensor pair, one sensor
1s circumierentially aligned with the blade, while the other
1s located at a diametrically opposite position on the drive
shaft. For an N-bladed propeller, if N 1s even, there will be
N/2 sensor pairs, since diametrically opposed blades will
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share a sensor pair. If N 1s odd, there will be N sensor pairs.
Each sensor pair 1s set up to measure a bending moment
(BM).

At step 1420, the strain sensor data 1s analysed to deter-
mine the steady bending moment corresponding to each
sensor. This includes using a processor to convert the strain
measurements to bending moments and perform various
algorithms. A first algorithm calculates the time taken for
one revolution of the propeller, given by (RPM/60) -1. A
second algorithm records the maximum and minimum bend-
ing moment measured by each sensor pair in each revolu-
tion, 1.e. (max+min)/2. A third algorithm calculates the
steady bending moment (SBM) for each sensor pair in each
revolution by taking the average of the recorded maximum
and minimum bending moments.

At step 1430, the magnitudes of the calculated steady
bending moments (SBM) corresponding to each sensor pair
are compared to each other. For example, the cumulative
“error” 1n the steady bending moments corresponding to

cach pair of strain gauges may be calculated as given by the
following formula:

2-05

N
Z (SBM,, — SBM:)?
=1

error SBM,, =

where n 1s the reference number for the strain gauge
sensor pair 1 question and N 1s the total number of strain
gauge sensor pairs. From this, 1t can be established that the
pair of strain gauges which give rise to the largest “error” in
the steady bending moment has a corresponding blade (or
blades) which may be damaged. It 1s then decided as to
whether the steady bending moments are equal within a
defined tolerance. Thus 11 all of the “error’’s calculated above
are within a defined tolerance, such as for example, a 3%,
5%, 10%, 15% or 20% tolerance, the blades are deemed at
step 1440 to be healthy and the method returns to step 1420.
Otherwise, 1f all of the “‘error’s calculated above are not
within a defined tolerance, such as for example, a 3%, 5%,
10%, 15% or 20% tolerance, then the method proceeds with
step 1450.

At step 14350, the method determines 11 the propeller has
an odd number of blades. If this i1s the case, then 1t 1s
established at step 1460 that the blade aligned with the
sensor pair which yields the largest “error” compared to the
“error” of the other sensor pairs, or which has the largest
difference 1n steady bending moment compared to the steady
bending moments yielded by other pairs, 1s damaged. Oth-
erwise, 1f there 1s an even number of blades, then 1t 1s
established at step 1470 that at least one of the blades
aligned with the sensor pair which yields the largest “error”
compared to the “error” yielded by the other sensor pairs, or
which has the largest difference 1n steady bending moment
compared to the steady bending moments vielded by the
other pairs, 1s damaged.

An alert (e.g. a visual or aural indicator) can then be raised
and the identified blade or pair of blades can then be
ispected for maintenance.

The above embodiments relate to a first propeller health
monitoring arrangement 1n which strain sensors are located
on the propeller drive shaft. However, a second propeller
health monitoring arrangement 1s also provided, in which
strain sensors are located on hub arms of the propeller.
Embodiments of such a second arrangement are now

described.
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The inventors have realised that damage to blades of a
propeller can also be detected by, 1n a second arrangement,
placing strain sensors on hub arms of a propeller, with each
strain sensor corresponding to a propeller blade. Each strain
sensor must be circumierentially aligned with the propeller
blade, e.g. offset from the propeller blade along a line
parallel to the rotational axis of the propeller (axially offset).
Each strain sensor should also be located radially inward of
the propeller blade with which 1t 1s associated, and along a
radial line extending from a central axis of the propeller hub
along the blade. Thus, for a propeller having a plurality of
blades extending radially outwardly from hub arms of a
propeller hub, which 1n turn extend radially outwardly from
a central axis extending through the propeller and a propeller
drive shaft, strain sensors can be provided corresponding to
cach of the blades, preferably on an axially forward side of
the hub arm of the corresponding blade, each crossing a
plane defined by the radial direction of the corresponding
blade and the central axis, the plane being bounded by the
central axis.

The strain sensors measure strain over time, €.g., continu-
ously or periodically. The cyclic response of each strain
sensor 1s a sinusoid in shape. Each of the strain sensors
produces a sinusoid which 1s phase shifted by 2m/N radians
where N 1s the number of blades on the propeller. Thus, for
example, 1n a propeller having 4 blades (N=4), the sinusoids
are consecutively phase shifted by m/2 radians, or 90
degrees. The sinusoids may also be known as the “once-
per-revolution cyclic response™, or “1P cyclic response”. For
a propeller having healthy, identical blades, the sinusoids
will have equal amplitude.

However, if a blade 1s damaged, the natural frequency at
the first mode of the blade may change. Additionally or
alternatively, the torsional stiflness of the blade may change.
Consequently, the 1P cyclic response will change compared
to the other blades. The change which occurs may be an
increase or a decrease of the blade dynamic magnification,
depending on the relationship between the first mode natural
frequency and the once-per-revolution forcing frequency.

For example, reduction in torsional stifiness of a blade
due to damage will result 1n increased blade twist magnifi-
cation, which increases the 1P cyclic response relative to the
other blades. This can be seen as a change 1n amplitude of
the sinusoid. Thus, by measuring a change 1n amplitude of
the sinusoidal response of the strain sensors, damaged
blade(s) can be identified.

It will be recognised that 1n this second propeller health
monitoring arrangement, the strain measurements (1.e. the
strain sensor outputs) are used directly. Bending moment 1s
not calculated from these strain measurements.

FIG. 17 shows such a second arrangement, in which a

propeller 510 1s connected to a drive shaft 530. The propeller
510 has a hub 550 having hub arms 5355, and four blades

520a, 5205, 520c¢, 5204 (fourth blade 5204 not shown), each
extending from one of the hub arms 5535, radially outwardly
from a rotational axis X of the propeller 510 and the dnive
shaft 530. Four strain sensors 540a, 5406, 540c¢, 5404
(fourth sensor 5404 not shown) are provided, each located
on a front-facing surface of a hub arm 3355, such that strain
sensors 340a, 5406, 540c, 35404 are circumierentially
aligned with a respective blade 520a, 5205, 520c¢, 520d.
Thus sensor 540a 1s aligned with blade 520a, sensor 5400 1s
aligned with blade 52056, sensor 340c¢ 1s aligned with blade
520¢ and the fourth sensor 5404 1s aligned with the fourth
blade 5204 (neither 1s shown in FIG. 17). This arrangement

1s exemplary only and other embodiments may have other
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numbers of blades, where some, preferably all of the blades
cach has a corresponding sensor located at a corresponding
hub arm.

In use, the propeller drive shait 530 will rotate in the usual
way, thereby rotating the blades 520a, 5205, 520¢, 5204 and

the corresponding sensors 540a, 5406, 340c, 540d. The

sensors measure the strain 1n the hub arms 555 on which
they are located, over time.

This measured strain 1s mput to a processor (not shown)
which may be located 1n the FADEC or 1n the nacelle, in
which cases the measured strains may for example be
transmitted via a slip ring, telemetry and/or Wi-Fi from the
rotating part to the static part and then to the FADEC or
nacelle. This allows for real-time processing of the measured
strains. If it 1s desirable to instead analyse data after flight,

it may also be possible to record and store data and down-
load this at the end of the tlight.

The processor calculates the cyclic strain of the hub arms

555 from the measured strain values for each of the sensors
540a, 5405, 540¢c and 5404 which corresponds to the cyclic

response at an angular location of each respective blade
520a, 5200, 520c and 35204. The skilled person would
readily understand how the cyclic responses may be calcu-
lated from the measured strain values, in particular since the
strain gauges are set up to record vibratory strain 1n micro
strain. The cyclic response calculated for each sensor loca-
tion 1s then analysed to determine 1t the blade associated
with that sensor may be damaged, as 1s discussed further
below.

FIG. 18 1illustrates graphically 600 the cyclic blade
response of the four-blade propeller 510 of FIG. 17, based
on the strain measurements from the sensors 540a, 5405,
540¢ and the fourth sensor 5404 (not shown in FIG. 17),
over time. In this case, the blades of the propeller 5310 are
healthy as will be discussed further below.

The solid line 610 corresponds to the cyclic blade
response for a first blade 5204, as measured by a first sensor
540a. The dotted line 620 corresponds to the cyclic blade
response for a second blade 5205, as measured by a second
sensor 5405. The dot-dashed line 630 corresponds to the
cyclic blade response for a third blade 54056, as measured by
a third sensor 540¢. The dashed line 640 corresponds to the
cyclic blade response for a fourth blade 5204, as measured
by a fourth sensor 540d.

As 1s clear from FIG. 18, for four healthy blades, the
cyclic blade responses 610, 620, 630, 640 arec identical,
depicted as sinusoids, with a phase shift of 90 degrees
between each consecutive sinusoid due to the diflerent
orientations of the blades and their respective sensors around
the propeller. In particular, the peak-to-peak amplitude 6350
of each of the cyclic blade responses 1s the same.

Conversely, FIG. 19 1s a copy of FIG. 18, but having
superimposed thereon a further blade cyclic response 615,
given by a dot-dot-dashed line, representing the case where
there has been damage to the first blade 520q. In this
exemplary scenario, the first blade 520q has been damaged
and has a reduced torsional stiflness, resulting in increased
blade twist magnification, which increases the 1P cyclic
response relative to the other blades.

It can clearly be seen how the cyclic response 610 of the
first blade 3520aq changes when 1t 1s damaged, 1.e. the
peak-to-peak amplitude of the cyclic strain measurements
increases, as indicated by arrow 660. Arrow 650 indicates
the amplitude of the 1P cyclic response for healthy blades,
compared to the exemplary 1P cyclic response for the
damaged first blade 520a, given by arrow 660.
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Although FIG. 19 depicts an increase 1n the amplitude of
the 1P cyclic response for a damaged blade, depending on
the extent and type of damage, there may alternatively be a
decrease in amplitude of the 1P cyclic response for the
damaged blade. Consequently, when monitoring the ampli-
tudes of the 1P cyclic responses, the peak-to-peak ampli-
tudes may be compared and a percentage diflerence between
the peak-to-peak amplitudes should be determined. The
comparison of the peak-to-peak amplitudes may take the
form:

abs[(*650”=*6607)/*“650"]

1.¢. the absolute value of the difference between a healthy
blade peak-to-peak amplitude (650) and a damaged blade
peak-to-peak amplitude (660) as a percentage of a healthy
blade peak-to-peak amplitude (650). The numbers “650”
and “660” refer to the peak-to-peak amplitudes indicated 1n
FIG. 19. Irrespective of whether it 1s a percentage increase
or decrease 1n relative amplitude, 11 the magnitude of that
percentage diflerence exceeds a threshold, then this 1s
indicative that there 1s a damaged blade. The blade corre-
sponding to the sensor that 1s providing the 1P cyclic
response with the irregular amplitude 1s then determined.
Consequently, an alert for maintenance can be triggered and
the identified blade of the propeller can be mspected for

damage and repair or replacement work can be carried out.
This method 1s termed herein the “hub method”, and will be
described 1n more detail below with reference to FIG. 21.
FIG. 20 shows a second embodiment of a second propel-
ler health monitoring arrangement, in which the propeller

has an odd number of blades, 1n this case three. Propeller
710 has a hub 750 with hub arms 755 from which three

blades 720a, 72056 (not shown) and 720¢ extend. The pro-
peller 1s driven by a drive shaft 730 having a rotational axis
X common with the propeller 710. Mounted on the front
facing surfaces of the hub arms 733 are strain sensors 740a,
7405 (not shown) and 740c¢, each strain sensor correspond-
ing to a particular blade 220a, 2205 and 220c¢ respectively.
The same hub method as has been described above (and will
now be described below with respect to FIG. 21) 1s appli-
cable to a propeller having an even number or an odd
number of blades.

FIG. 21 shows the “hub method” 800 for identilying
damaged blades for a propeller with any number of blades.
At step 810, strain gauges with a full-bridge arrangement are
installed on the hub arms of the propeller, aligned with each
blade.

At step 820, strain sensor data 1s analysed by a processor
to determine the cyclic strain. Various algorithms may be
performed. A first algorithm may calculate the time taken for
one revolution of the propeller, given by (RPM/60) -1. A
second algorithm may record the maximum and minimum
strains measured by each strain gauge sensor in each revo-
lution. A third algorithm may calculate the cyclic strain
amplitude (CycStr) in each revolution by calculating half of
the peak-to-peak amplitude (1.e. (max—-min)/2) using the
recorded maximum and mimmum strains. A fourth algo-
rithm may compare the cyclic strain amplitudes to each
other. This fourth algorithm may be carried out for example
by calculating the cumulative “error” in the cyclic strain
amplitude measured by each strain gauge as given by the
following formula:

2-0.5

error CyesStr, =

N
Z (CyceStr, — CyCSIFI-)Z
i=1
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where n 1s the reference number for the stramn gauge
sensor 1in question and N 1s the total number of strain gauge
sensors. From this, 1t can be established that the strain gauge
which gives rise to the largest “error” in the cyclic strain
amplitude has a corresponding blade which may be dam-
aged.

At step 830, a decision 1s taken as to whether the cyclic
strain amplitudes are equal within a defined tolerance. Thus
if all of the “error’s calculated above are within a defined
tolerance, such as for example, a 3%, 5%, 10%, 15% or 20%
tolerance, the blades are deemed at step 840 to be healthy
and the method returns to step 820. Otherwise, 11 all of the
“error’s calculated above are not within a defined tolerance,
such as for example, a 3%, 5%, 10%, 15% or 20% tolerance,
then the method proceeds with step 850.

At step 850, 1t 1s established that the blade aligned with
the sensor which has the largest “error” in cyclic strain
amplitude compared to the “error” of the other sensors, or
which has the largest difference 1n cyclic strain amplitude
compared to the cyclic strain amplitudes of the other sensors
1s damaged.

The 1dentified blade can then be inspected for mainte-
nance at a later point and an alert for this can be raised.

Although the above first (sensors on shaft) and second
(sensors on hub arms) arrangements have been described
separately, 1t 1s also envisioned that the two may be used 1n
conjunction. For example, a propeller may have strain
sensors both on the propeller hub arms and on the propeller
drive shait. The bending moments of the shait can be
monitored according to one of the shaft methods described
for the first arrangement above, using the sensors on the
drive shaftt. If the propeller has an even number of blades and
so 1t 1s unclear from using the methodology of the first
arrangement which blade of two diametrically opposed
blades 1s damaged, then the sensors on the hub arms could
be used to 1dentify which of the two diametrically opposed
blades 1s damaged, 1n the manner described above for the
second arrangement having hub arm sensors (1.e. the hub
method).

The two above-described arrangements are not limited to
propellers having four blades, but may have any number of
blades, including an odd number of blades.

The above embodiments describe the use of strain sen-
sors. It will be appreciated that this term covers any sensor
able to measure strain. Strain sensors may be referred to as
strain gauges.

Typically, a strain gauge will measure a deformation
(strain) as a change in electrical resistance. Such strain
gauges may be termed “load cells™.

A particularly useful type of strain sensor for use in
embodiments of the disclosure 1s a full bridge strain gauge.
Such strain gauges typically utilise foil strain sensors. In a
fo1l strain sensor, when an object 1s deformed, the foil 1s
deformed, causing 1ts electrical resistance to change. Thus,
the change 1n electrical resistance 1s dependent on the strain
experienced. This change in resistance 1s measured 1n order
to provide a measurement of the strain. In a tull bridge strain
gauge, there are four active strain sensors (e.g. four foil
strain sensors), which provides a very high sensitivity to
bending strain. Furthermore, a full bridge strain gauge
provides excellent signal to noise ratio, rejects axial strain,
compensates for temperature eflects and compensates for
lead wire resistance. However, half bridge strain gauges may
also be used, comprising two active strain sensors (e.g. two
fo1l strain sensors), or quarter bridge strain gauges compris-
ing one active strain sensor. Such full, half and quarter
bridge strain gauges may be used as the “strain sensors™ of
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the present disclosure. l.e., the foil sensors within such
gauges would not be individually used as a strain sensors,
rather 1t 1s a gauge made from foil sensors that would be used
as a strain sensor to implement this disclosure.

It will be appreciated that the methods and systems of the
disclosure as discussed above provide significant advantages
over prior art methods for assessing propeller health. The
health of a propeller may be monitored 1n real time during
normal use of the aircraft, thus the aircraft does not need to
be grounded for checks to be made. The method 1s simple to
implement, requiring only strain measurements to be made
using readily available strain sensors, and a processor for
carrying out the processing steps. Thus, no complex equip-
ment 1s required. Moreover, the processing required 1s not
onerous, no complex models need to be created or used as
in some prior art methods. In the case of drive shaft strain
measurements, only simple calculations of steady bending
moment and a comparison to a threshold 1s required. In the
case of hub strain measurements, only the calculation of
cyclic strain amplitudes and a comparison with other ampli-
tudes 1s required. Thus, only minimal processing power 1s
needed. Moreover, the particular blade pair, or indeed in
certain embodiments the specific blade that 1s damaged can
be positively i1dentified, thus enabling quick maintenance.

Additionally, the lifetime of the drive shaift can be
improved, since maintenance of the damaged blades at the
correct time can avoid prolonged steady bending of the drive
shaft.

Furthermore, maintenance of the propeller can be
restricted to those propeller blades which have been 1denti-
fied as being potentially damaged and unnecessary mainte-
nance checks on healthy propellers need not be carried out.

Further aspects will be evident to the skilled person, in
accordance with the disclosure as defined 1n the claims.

The following numbered clauses set out features of the
disclosure which may serve as basis for future amendments
or divisional applications:

1. A method of monitoring the health of an aircraift
propeller whilst the propeller 1s 1n operation, the propeller
having a plurality of blades extending radially outwardly
from a central axis extending through the propeller and a
propeller drive shait, the method comprising: measuring the
strain 1n the propeller drive shait using multiple primary
strain sensors, each primary strain sensor providing a respec-
tive strain measurement; wherein the primary strain sensors
are located around a circumierence of the drive shait of the
propeller; and wherein each strain sensor 1s located such that
it crosses a plane defined by the radial direction of a blade
and the central axis, the plane being bounded by the central
axis.

2. A method as described 1n clause 1, further comprising,
measuring strain 1n the propeller drive shaft using multiple
secondary strain sensors, each secondary strain sensor being
located around the circumierence of the drive shaft diametri-
cally opposite to a respective primary strain sensor and
forming a sensor pair therewith.

3. A method as described in clause 1 or 2, further
comprising: receiving measured strain data from each pri-
mary strain sensor or each strain sensor pair; and calculating
a respective steady bending moment of the drive shait using
the strain data received from each primary strain sensor or
cach strain sensor pair.

4. A method as described 1n clause 3, further comprising,
comparing the magmtude of the calculated steady bending
moments to a threshold.

5 A method as described in clause 4, further comprising:
establishing that the health of the propeller may be impaired
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if the magmitude of the steady bending moment of the drive
shaft 1s above a threshold; and preferably indicating an alert
for maintenance 1f 1t 1s established that the health of the
propeller may be impaired.

6. A method as described 1n clause 3, 4 or 5, further
comprising comparing the magnitude of the calculated
steady bending moments to one another.

7. A method as described 1n clause 6, further comprising
establishing that the health of the propeller may be impaired
if the magnitude of one of the steady bending moments of
the drive shaft 1s outside of a tolerance of the other steady
bending moments of the drive shaft; and preferably indicat-
ing an alert for maintenance 1f it 1s established that the health
of the propeller may be impaired.

8. A method as described i1n clause 5 or 7, further
comprising: for a propeller having an odd number of blades,
identifying a damaged blade, by i1dentifying the blade or
blades corresponding to the primary sensor or sensor pair
which has measured the strain data which has led to a steady
bending moment being calculated which has a magmtude
above the threshold and/or which 1s outside of the tolerance
of the other steady bending moments of the drive shait; and
preferably indicating an alert for maintenance of the iden-
tified blade.

9. A method as described 1in clause 5 or 7, further
comprising: for a propeller having an even number of
blades, identifying which two diametrically opposed blades
may include at least one damaged blade, by identifying the
blades corresponding to the primary sensor or sensor pair
which has measured the strain data which has led to a steady
bending moment being calculated which has a magmtude
above the threshold and/or which 1s outside of the tolerance
of the other steady bending moments of the drive shait; and
preferably indicating an alert for maintenance of the iden-
tified blades.

10. A method as described 1n any preceding clause,
wherein the strain sensors are full bridge strain gauges.

11. A method of monitoring the health of an aircraft
propeller whilst the propeller 1s 1n operation, the propeller
having a plurality of blades extending radially outwardly
from hub arms of a propeller hub, which in turn extend
radially outwardly from a central axis extending through the
propeller and a propeller drive shaft, the method comprising
measuring the strain 1n each of at least some of the hub arms
using strain sensors, each of the strain sensors being pro-
vided on a respective hub arm.

12. A method as described 1n clause 11, wherein each
strain sensor 1s provided on an axially forward side of the
hub.

13. A method as described 1n clause 11 or 12, wherein
cach strain sensor 1s circumierentially aligned with a pro-
peller blade and 1s axially offset from said propeller blade
along a line parallel to the rotational axis of the propeller;
preferably wherein each strain sensor 1s located radially
inward of said propeller blade, and along a radial line
extending from a central axis of the propeller hub along the
blade.

14. A method as described 1n clause 11, 12 or 13, further
comprising: receiving the measured strain data from the
strain sensors; calculating amplitudes of the cyclic responses
of the strain sensors using the measured strain data from
cach of the sensors; and comparing the amplitude of at least
one cyclic response to the amplitude of at least one of the
other cyclic responses.

15. A method as described 1n clause 14, further compris-
ing establishing that the health of a blade of the propeller
may be impaired 1f the amplitude of the cyclic response
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measured by the sensor provided on the hub arm from which
the blade extends 1s above or below the remainder of the
amplitudes by at least 20%, preferably more than 135%,
preferably more than 10%, preferably more than 5%, and
preferably more than 3%.

16. A method as described 1n clause 15, further compris-
ing indicating an alert for maintenance for a blade of the
propeller 11 1t 1s established that the health of the blade may
be 1mpaired.

1”7. A method as described 1n any of clauses 12 to 16,
wherein the strain sensors are full bridge strain gauges.

18. A method of monitoring propeller health comprising,
a combination of the methods of any of clauses 1 to 10 with
the method of any of clauses 11 to 17.

19. A system configured to perform a method for moni-
toring aircraft propeller health as described in any preceding
clause.

20. A propeller health monitoring system comprising: a
plurality of strain sensor pairs configured to measure the
strain 1n a hub arms of a propeller; and a processor config-
ured to carry out the calculating, comparing and establishing
steps as described 1n any of clauses 11 to 18.

21. An aircrait propeller comprising the propeller health
monitoring system as described in clause 20, wherein: the
propeller has a plurality of blades extending radially out-
wardly from hub arms of a propeller hub, which in turn
extend radially outwardly from a central axis extending

through the propeller and a propeller drive shatt; and a strain
sensor 1s mounted on each of at least some of the hub arms.

22. An aircrait propeller as described in clause 21,
wherein the processor 1s integrated into a FADEC of the
aircraft or 1in the nacelle and the strain sensors are configured
to transmit the measured strain to the processor via telem-
etry, Wi-F1, or a slip rning.

23. An aircraft comprising an aircraft propeller as
described 1n clause 21 or 22.

24. A method of monitoring the health of an aircraft
propeller whilst the propeller 1s 1n operation, the propeller
having a plurality of blades extending radially outwardly
from a central axis extending through the propeller and a
propeller drive shaft, the method comprising: obtaining
measurements representative of strain in the propeller drive
shaft using multiple primary strain sensors, each primary
strain sensor providing respective measurements represen-
tative of strain; wherein the primary strain sensors are
located around a circumierence of the drive shaft of the
propeller; wherein each primary strain sensor 1s located such
that 1t crosses a plane defined by the radial direction of a
blade and the central axis, the plane being bounded by the
central axis; determining a respective steady bending
moment of the drive shaft corresponding to each primary
strain sensor using the respective measurements represen-
tative of strain obtained by each primary strain sensor; and
establishing, based on the steady bending moments of the
drive shaft, whether the health of the propeller may be
impaired.

25. A method as described 1n clause 24, further compris-
ing obtaining measurements representative of strain in the
propeller drive shait using multiple secondary strain sensors,
cach secondary strain sensor being located around the cir-
cumierence of the drive shaft diametrically opposite to a
respective primary strain sensor and forming a sensor pair
therewith; and wherein the step of determining a respective
stcady bending moment of the drive shait additionally
comprises utilising the respective measurements represen-
tative of strain obtained by each secondary strain sensor.
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26. A method as described 1n clause 24 or 25, further
comprising indicating an alert for maintenance 1f 1t 1s
established that the health of the propeller may be impaired.

27. A method as described 1n clause 24, 25 or 26, wherein
the step of establishing whether the health of the propeller
may be impaired comprises comparing the magnitude of the
calculated steady bending moments to a threshold.

28 A method as described 1n clause 27, further compris-
ing: establishing that the health of the propeller may be
impaired 1f the magnitude of a calculated steady bending
moment of the drive shait 1s above a threshold.

29. A method as described 1n clause 24, 25 or 26, wherein
the step of establishing whether the health of the propeller
may be impaired comprises comparing the magnitude of the
calculated steady bending moments to one another.

30. A method as described 1n clause 29, further compris-
ing establishung that the health of the propeller may be
impaired 1f the magmtude of one of the steady bending
moments of the drive shait 1s outside of a tolerance of the
other steady bending moments of the drive shatt.

31. A method as described 1n clause 28 or 30, further
comprising: for a propeller having an odd number of blades,
identifying a damaged blade by: 1dentifying the blade cor-
responding to the primary sensor or sensor pair which
provided the measurement(s) representative of strain which
has led to a steady bending moment being calculated which
has a magnitude above the threshold and/or which 1s outside
of the tolerance of the other steady bending moments of the
drive shait; and preferably indicating an alert for mainte-
nance of the identified blade.

32. A method as described in clause 28 or 30, further
comprising: for a propeller having an even number of
blades, identifying which two diametrically opposed blades
may include at least one damaged blade, by: 1dentitying the
blades corresponding to the primary sensor or sensor pair
which has provided the measurement(s) representative of
strain which has led to a steady bending moment being
calculated which has a magnitude above the threshold and/or
which 1s outside of the tolerance of the other steady bending,
moments of the drive shait; and preferably indicating an
alert for maintenance of the identified blades.

33. A method as described 1n any of clauses 24 to 32,
wherein the strain sensors are full bridge strain gauges.

34. A system configured to perform a method for moni-
toring aircraft propeller health as described in any of clauses
24 to 32.

35. A propeller health monitoring system comprising: a

plurality of primary strain sensors or pairs of primary and
secondary strain sensors, the primary strain sensors or strain
sensor pairs being configured to provide measurements
representative of strain in a drive shait of a propeller; and a
processor configured to carry out the determining, compar-
ing and establishing steps as described 1n any of clauses 24
to 33.

36. An aircrait propeller comprising the propeller health
monitoring system as described in clause 35, wherein: the
propeller has a plurality of blades extending radially out-
wardly from hub arms of a propeller hub, which 1n turn
extend radially outwardly from a central axis extending
through the propeller and a propeller drive shatt; the primary
strain sensors or pairs of primary and secondary strain
sensors are arranged around a circumierence of the drive
shaft of the propeller; each primary strain sensor is located
such that 1t crosses a plane defined by the radial direction of
a blade and the central axis, the plane being bounded by the
central axis; and in the case 1n which strain sensor pairs are
provided, each secondary strain sensor in the strain sensor
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pair 1s located around the circumierence of the drive shaft
diametrically opposite to its corresponding primary strain
SENSor.
37. An aircraft propeller as described 1 clause 36,
wherein the processor 1s integrated into a FADEC of the
aircraft or 1in the nacelle and the strain sensors are configured
to transmit the measured strain to the processor via telem-
etry, Wi-F1, or a slip ning.
38. An aircraft comprising an aircraft propeller as
described 1n clauses 36 or 37.
In the above described clauses 24 to 38, the step of
determining a respective steady bending moment of the
drive shaft may comprise converting each measurement
representative of strain into a bending moment value. This
may be done by calculating the bending moment from the
measurements representative of strain. A calibration may be
made between measurements representative of strain and
bending moment 1n order to {ind a constant value to convert
strain to bending moment, without the need for a full
bending moment calculation.
The step of determining a respective steady bending
moment of the drive shaft may include utilising a first
algorithm to calculate the time taken for one revolution of
the propeller, given by (RPM/60) -1. Then, a second algo-
rithm may be utilised to record the maximum and minimum
bending moment determined utilising the measurements
representative of strain from each primary sensor (or sensor
pair) 1n each revolution. A third algorithm may be used to
calculate the steady bending moment (SBM) corresponding
to each strain sensor 1n each revolution by taking the average
of the recorded maximum and minimum bending moments,
1.e. (max+min)/2.
The mventon claimed 1is:
1. A method of monitoring the health of an aircraft
propeller whilst the propeller 1s 1n operation, the propeller
having a plurality of blades extending radially outwardly
from a central axis extending through the propeller and a
propeller drive shaft, the method comprising:
disposing multiple primary strain sensors around a cir-
cumierence of the drive shait of the propeller; and

obtaining measurements representative of strain in the
propeller drive shait using multiple primary strain
sensors, each primary strain sensor providing a respec-
tive measurement representative of strain;

wherein each primary strain sensor 1s located such that 1t

crosses a plane defined by the radial direction of a blade
and the central axis, the plane being bounded by the
central axis.

2. The method as claimed in claim 1, turther comprising:

obtaining measurements representative ol strain in the

propeller drive shaft using multiple secondary strain
sensors, each secondary strain sensor being located
around the circumierence of the drive shaft diametri-
cally opposite to a respective primary strain sensor and
forming a sensor pair therewith.

3. The method as claimed in claim 1, further comprising:

determinming a respective steady bending moment of the

drive shait using the respective measurements repre-
sentative of strain obtained by each primary strain
SeNsor.

4. The method as claimed in claim 3, further comprising:

comparing the magnitude of the calculated steady bending

moments to a threshold.

5. The method as claimed in claim 4, turther comprising:

establishing that the health of the propeller may be

impaired 11 the magnitude of a calculated steady bend-
ing moment of the drive shaft 1s above a threshold.
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6. The method as claimed 1n claim 3, further comprising:

comparing the magnitude of the calculated steady bending
moments to one another.

7. The method as claimed 1n claim 6, further comprising;:

establishing that the health of the propeller may be >
impaired 11 the magnitude of one of the steady bending
moments of the drive shait 1s outside of a tolerance of
the other steady bending moments of the drive shaft.

8. The method as claimed 1n claim 5, further comprising:

for a propeller having an odd number of blades, 1denti-
ftying a damaged blade by:

identifying the blade corresponding to the primary sensor
which provided the measurements representative of
strain which has led to a steady bending moment being
calculated which has a magnitude above the threshold;
or

for a propeller having an even number of blades, 1denti-
fying which two diametrically opposed blades may
include at least one damaged blade, by: 20

identifying the blades corresponding to the primary sensor
which has provided the measurements representative of
strain which has led to a steady bending moment being
calculated which has a magnitude above the threshold.

9. The method as claimed 1n claim 7, further comprising: 25

for a propeller having an even number of blades, identi-
ftying which two diametrically opposed blades may
include at least one damaged blade, by:

identifying the blades corresponding to the primary sensor
which has provided the measurements representative ol 30
strain which has led to a steady bending moment being
calculated which 1s outside of the tolerance of the other
steady bending moments of the drive shaft; or

for a propeller having an odd number of blades, 1denti-
tying a damaged blade by: 35

identifying the blade corresponding to the primary sensor
which provided the measurements representative of
strain which has led to a steady bending moment being
calculated which 1s outside of the tolerance of the other

steady bending moments of the drive shaft. 40

10. The method as claimed 1n claim 1, wherein the strain

sensors are full bridge strain gauges.

11. An aircrait propeller system comprising:

a propeller and a propeller health monitoring system
configured to monitor the health of the propeller while 45
the propeller 1s 1n operation, the propeller health moni-
toring system comprising:

a plurality of primary strain sensors or pairs ol primary
and secondary strain sensors, the primary strain
sensors or strain sensor pairs being configured to 50
provide measurements representative of strain 1n a
drive shait of a propeller; and

a processor, wherein

the propeller has a plurality of blades extending radially
outwardly from hub arms of a propeller hub, which 55
in turn extend radially outwardly from a central axis
extending through the propeller and a propeller drive
shaft;

the primary strain sensors or pairs of primary and
secondary strain sensors are arranged around a cir- 60
cumierence of the drive shait of the propeller;

cach primary strain sensor 1s located such that it crosses
a plane defined by the radial direction of a blade and
the central axis, the plane being bounded by the
central axis; and 65

in the case 1 which strain sensor pairs are provided,
cach secondary strain sensor 1n the strain sensor pair
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1s located around the circumierence of the drive shait
diametrically opposite to 1ts corresponding primary
strain sensor.
12. The aircrait propeller system as claimed 1n claim 11,
wherein the processor 1s integrated mto a FADEC of an
aircraft or 1n a nacelle and the strain sensors are configured
to transmit the measured strain to the processor via telem-
etry, Wi-F1, or a slip ning.
13. A propeller aircraft comprising the aircrait propeller
system as claimed 1n claim 11.
14. The aircrait propeller system as claimed 1n claim 11,
wherein the processor 1s configured to:
determine a respective steady bending moment of the
drive shaft using the respective measurements repre-
sentative of strain obtained by each primary strain
sensor or using the respective measurements represen-
tative of strain obtained by each strain sensor pair;

and either compare the magnitude of the calculated steady
bending moments to a threshold and establish that the
health of the propeller may be impaired 11 the magni-
tude of a calculated steady bending moment of the
drive shaft 1s above a threshold; or

compare the magnitude of the calculated steady bending

moments to one another and establish that the health of
the propeller may be impaired 11 the magnitude of one
of the steady bending moments of the drive shaift is
outside of a tolerance of the other steady bending
moments of the drive shatt.

15. The method as claimed 1n claim 2, further comprising:

determinming a respective steady bending moment of the

drive shait using the respective measurements repre-
sentative of strain obtained by each strain sensor pair.

16. The method as claimed 1n claim 15, further compris-
ng:

comparing the magnitude of the calculated steady bending,

moments to a threshold.

17. The method as claimed 1n claim 16, further compris-
ng:

establishing that the health of the propeller may be

impaired 11 the magnitude of a calculated steady bend-
ing moment of the drive shaft 1s above a threshold.

18. The method as claimed 1n claim 17, further compris-
ng:

for a propeller having an odd number of blades, 1denti-

ftying a damaged blade by:

identifying the blade corresponding to the sensor pair

which provided the measurements representative of
strain which has led to a steady bending moment being,

calculated which has a magnitude above the threshold;
or
for a propeller having an even number of blades, 1denti-
fying which two diametrically opposed blades may
include at least one damaged blade, by:
identifying the blades corresponding to the sensor pair
which has provided the measurements representative of
strain which has led to a steady bending moment being,
calculated which has a magnitude above the threshold.
19. The method as claimed 1n claim 15, further compris-
ng:
comparing the magnitude of the calculated steady bending
moments to one another.
20. The method as claimed in claim 19, further compris-
ng:
establishing that the health of the propeller may be
impaired 11 the magnitude of one of the steady bending



US 10,787,275 B2
33

moments of the drive shatt 1s outside of a tolerance of
the other steady bending moments of the drive shaft.
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